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ABSTRACT: Layered transition metal chalcogenides with large spin orbit coupling have recently sparked much interest due to their potential applications for electronic, optoelectronic, spintronics, and valleytronics. However, most current understanding of the electronic structure near band valleys in momentum space is based on either theoretical investigations or optical measurements, leaving the detailed band structure elusive. For example, the exact position of the conduction band valley of bulk MoS 2 remains controversial. Here, using angleresolved photoemission spectroscopy with submicron spatial resolution (micro-ARPES), we systematically imaged the conduction/valence band structure evolution across representative chalcogenides MoS 2 , WS 2 , and WSe 2 , as well as the thickness dependent electronic structure from bulk to the monolayer limit. These results establish a solid basis to understand the underlying valley physics of these materials, and also provide a link between chalcogenide electronic band structure and their physical properties for potential valleytronics applications. KEYWORDS: angle-resolved photoemission spectroscopy, band structure, transition metal dichalcogenides, valleytronics R ecent efforts on graphene-like layered materials with novel properties have attracted much attention for not only potential electronic and spintronic devices 1−8 but also more generally for energy storage 9 and catalytic applications. 10, 11 With a layered honeycomb lattice, transition metal dichalcogenides MX 2 (M = Mo, W; X = S, Se, Te) have two inequivalent valleys in the k-space electronic structure in the hexagonal Brillouin zone (BZ). 12−14 Because of the large separation of valleys in k-space and the resulting suppression of intervalley scattering, the valley index can be used in analogy to the spin in spintronics, opening a new research direction called "valleytronics". 12, 14, 15 Moreover, having heavy 4d/5d elements with strong spin−orbital interaction (SOI), 12, 16, 17 the monolayer MX 2 compounds show polarized spin texture in the electronic structure, as demonstrated theoretically 8, 18, 19 and supported by optical investigations 5, 7, 20 and thus are promising candidates for a new type of valley-coupled spintronics applications. 4,5,20−22 However, despite these exciting developments, the detailed electronic structure of MX 2 compounds, especially the valley loci and their evolution, remain elusive. For example, different theories propose the location of the conduction band valley in bulk MoS 2 to be either at high-symmetry K points, the corner of the BZ, or at nonsymmetric points along Γ−K direction. 23−25 In this work, we directly studied the electronic structure of representative transition metal chalcogenides MoS 2 , WS 2 , and WSe 2 by high resolution ARPES and observed the valley evolution in the band structure between different compounds. We found that although the valence band maximum (VBM, hole valley) of bulk MX 2 compounds always resides at Γ, the conduction band minimum (CBM, electron valley) loci shift from K (MoS 2 ) toward Γ (WS 2 and WSe 2 ). Moreover, by utilizing the novel spatially resolved ARPES technique (with 800 nm spatial resolution) recently developed, 26 we studied MoS 2 and WSe 2 microflakes with different thickness and observed the evolution of the electronic band structure and the band gap geometry from the bulk to the monolayer limit. Our observations provide a solid understanding on the underlying valley physics of MX 2 materials and guidance for the design and the development of novel electronic/spintronics/valleytronics devices.
Typical Valence and Conduction Band Structures in Bulk MoS 2 . The crystal structure of 2H−MX 2 chalcogenides (Figure 1a , with D 6h 4 symmetry and the P6 3 /mmc space group) comprised of stacked ···X−M−X··· triple-layer groups bonded by van der Waals force (Figure 1a ; we use "mono-layer" to refer to one such triple-layer unit), with the adjacent monolayers rotated by 180°with respect to each other. The 3D BZ of MX 2 is illustrated in Figure 1b with high symmetry points indicated. Because of the lack of inversion symmetry in each monolayer, a net in-plane electric dipole moment is present at the M atoms, which induces out-of-plane spin polarization near the valleys at K points via spin−orbit interaction (SOI). 8, 21 Remarkably, as two adjacent monolayers restore inversion symmetry by A−B stacking order (Figure 1a) , the band structure of such bilayer MX 2 flakes remains spin-degenerate. As a result, the band structure of MX 2 chalcogenides can change dramatically from bi-to monolayer and leads to valley locus evolution due to the change of interlayer coupling, for example the indirect−direct band gap transition. 23, 24, 27 Figure 1c−g show the overall electronic structure of bulk MoS 2 , the most broadly studied MX 2 compound. 2 Evidently, the VBM valley of MoS 2 clearly resides at the Γ point ( Figure  1c ,e,f) and is ∼0.5 eV above the top of the valence band at the K point. From Γ to K, the valence band evolves into two subbands with ∼180 meV splitting (at K points, see Figure 1c ) caused by the strong SOI, in good agreement with previous theoretical calculations, 23, 24, 27 ARPES measurements, 28, 29 and our ab initio calculations (see Figure S1 and Part I in the Supporting Information, SI). This splitting in the band structure at the K points also results in two triangular pockets in the constant energy contours (e.g., at −0.8 eV, see Figure  1d ,e). The difference between the valence band-top at K and Γ points is as large as 0.5 eV. In addition to the k x -k y dispersions, we also investigate the k z -dispersion of the band structure of MoS 2 with the photon energy dependent ARPES study (the details can be found in Part II of SI and Figure S2 ), which indicates that the bands around Γ disperse dramatically along 28 This observation clearly suggests that both decreasing sample thickness and changing elements in the compounds would tune the out-of-plane orbitals, change the bands around Γ and play a critical role in changing the valley positions in the band structure.
Because the Fermi energy (E F ) of as-grown MoS 2 samples is pinned inside the band gap close to the CBM by impurity states, we cannot directly observe the conduction band ( Figure  1c −e). In order to investigate the conduction band, we performed in situ electron doping by introducing a small amount of potassium onto the sample surface 29 (with K coverage as low as 0.0003 layer; details can be found in SI Part II) and shift E F . Note that the band structure of MoS 2 should not have any modification with such a small amount of dopant coverage. Using this method, we successfully lifted E F into the conduction band [ Figure 1f ,g and Figure 2a −d(i)] and clearly observed that the CBM valleys of bulk MoS 2 are located at the K point, which differs from most current band calculations 16,23−25 that suggest the CBM is located at some nonsymmetric point (here denoted as Λ) along the Γ− K direction. From Figure 1f , the indirect band gap of MoS 2 is found to be ∼1.4 eV and the VBM valley of MoS 2 resides at Γ (Figure 1d ,f) and is ∼0.5 eV above the apex of the valence band at the K point. From our measurement, the effective mass of the hole pockets is ∼0.8 m 0 for the VBM at Γ and ∼0.5 m 0 for the VBM at K, which is also consistent with our ab initio calculations (more details of the effective mass can be found in Part I of SI) and other recent ARPES reports.
27−29
Determination of CBM/VBM Valley Positions in Bulk MX 2 . In contrast to the small SOI in the MoS 2 , W-based MX 2 compounds such as WS 2 and WSe 2 have a larger SOI strength, which will potentially result in large spin splitting with the broken inversion symmetry. Therefore, we performed further ARPES measurements on WS 2 and WSe 2 . As illustrated in Figure 2a (i−iii), with the increase of atomic mass from Mo to W and from S to Se, the splitting of the VBM valleys at the K points increases (MoS 2 , ∼180 meV; WS 2 , ∼470 meV; and WSe 2 , ∼500 meV) due to the increased atomic SOI. An interesting observation is that although the VBM valley still resides at Γ for all three materials, the difference between peaks of the valence band at Γ and K dramatically decreases from 0. such as recent demonstration of electrical control of spin polarization and spin transport by tuning E F to the vicinity of the apexes at the K points. 8 To compare the CBM positions of the three compounds, we again performed in situ K-doping on the sample surface ( Figure  2b−d) . As expected, all three compounds show an indirect band gap (Figure 2b,c) . Remarkably, although the bulk band gap remains indirect for all three compounds, the CBM location evolves from the K point (MoS 2 ) to the Λ point (WSe 2 ), as is evident in both the band dispersions (Figure 2c ) and the Fermi surface (FS) maps (Figure 2d ), a direct experimental observation that pins down the exact CBM position and the size of the direct/indirect band gap in different MX 2 compounds. This finding not only clarifies the controversy on the CBM loci 16,23−25 but also provides critical information for designing function devices with MX 2 materials (e.g., in "valleytronics", the operation depends on the band minima/ maxima positions).
Ab Initio Calculations for CBM/VBM Valley Positions. To understand the discrepancy between previous theoretical reports, 16 ,23−25 we performed systematic ab initio studies on the band structure of these materials, which demonstrated that the crystal structural parameters (e.g., in-plane lattice parameter a and out-of-plane parameter d of MX 2 , see Figure 1a and discussed below) can have a strong influence on the band structure. These results are summarized in Figure 3 with more discussion in the SI, Part I. For example, as can be seen in Figure 3a −c, the local valley locus of MoS 2 at Λ point moves up (with respect to that at K) with either increasing a or decreasing d; and one can see that changing the a (or d) value by only ±2.5% will dramatically change the band structure and the relative position of the valley loci at Γ and K. This effect can be summarized in Figure 3d , where the 2D phase diagram shows the energy difference between the conduction band minima at Λ and K (ΔE ΛK CB = E Λ CB − E K CB ) as a function of parameters a and d. Importantly, our calculation results using relaxed lattice parameter (red dot in Figure 3d ) indeed shows a positive ΔE ΛK CB (i.e., the CBM located at K rather than Λ), in agreement with the ARPES observation (Figure 1f) . Such strong dependence of the band structure on lattice parameters indicates that strain engineering could be an effective method to modulate the electronic structure of MX 2 materials in practical applications (e.g., induced indirect−direct band gap transition by external strain).
31−34
To understand why the conduction band valley loci change with lattice parameters, we need to know the orbital components for the energy bands at K and Λ points. Note that the band valleys at K and Λ points originate from two different subbands with different orbital components: the subband near K points mainly consists of Mo d 3z (Figure 3a) . On the other hand, when d increases, the overlap of the d z 2 orbital also increases, lifting up the energy level of the valleys at the K points. Therefore, the increase of a and d have opposite effects on the valley loci evolution (directly reflected by ΔE ΛK CB and ΔE ΓK VB = E Γ VB − E K VB ). Interestingly, these two opposite effects from a and d have nearly the same influence (in both cases, ΔE ΛK CB linearly shifts around 0.9 eV when the parameter changes ∼5% in total, see Figure 3c ). This helps to explain the valley loci evolution from MoS 2 , WS 2 to WSe 2 : Compared to MoS 2 , the parameter a for WSe 2 increases ∼4.2%, whereas the distance d of WSe 2 is enlarged more than 7%. Because the changing of d is greater than a, it dominates the evolution of the valley locus. As we have observed in Figure 2 , the ΔE ΛK CB becomes negative, and the Λ point becomes the CBM valley in WSe 2 , which is quite different from the case of MoS 2 . In addition, we calculated a hypothetical system with a and d both enlarged by 4.2%. Very similar to MoS 2 itself, the CBM valley of the hypothetical system still sits at the K point, which further confirms the picture that the band valleys at K and Λ points originate from subbands with different orbital components.
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Evolution of Valley Positions from Bulk, Bilayer to
Monolayer MX 2 . Many of the potential applications of these materials are based on few-layers devices. Therefore, it is of great importance to investigate the valley evolution in the electronic structure of MX 2 materials with thickness down, ideally, to the monolayer limit. For the layer-dependent band structure study, we mechanically exfoliated bulk samples (the same samples used for the ARPES study in Figures 1 and 2 ) and acquired bi-and monolayer flakes. As the lateral size of these flakes is typically only several micrometers (as shown in Figure 4b−d) , which is much smaller than the photon beam used in typical ARPES, we adopted the recently developed spatially resolved (spatial resolution ∼800 nm) ARPES technique for our study, which allowed the measurement of the band structure of submicron samples 27, 28 (the schematic of the instrument we used and the measurement geometry is depicted in Figure 4a ; more details can be found in SI Part III). Interestingly, the same flakes used in the spatially resolved ARPES measurements can also be directly used for other measurements (e.g., optics and transport) and device fabrication -thus establishing a direct link between the band structure and their important physical properties. Compared with the molecular beam epitaxy and chemical vapor deposition methods that have been used to obtain single layer MX 2 films, the exfoliation method not only is much simpler but also provides the opportunity to study the band structure of layered materials with different thicknesses in the same flake.
Figures 4b−d show the optical micrograph and atomic force microscopy (AFM) images of a typical exfoliated MoS 2 ultrathin flake used in our spatially resolved ARPES study. Similar to graphene, 35−39 one can determine the thickness of the flakes by their reflective colors, which is further confirmed by AFM (Figure 4d ) and spatially resolved Raman spectroscopy (Figure 4e ) on a MoS 2 flake. 40 As illustrated in Figure 4d , the atomically flat surfaces of different thicknesses can typically span a few microns laterally, which is sufficiently large given our submicrometer spatial resolution. To illustrate the unique properties of monolayer MX 2 , photoluminescence spectroscopy (Figure 4f ) was also performed at room temperature with excitation energy of 2.33 eV, yielding pronounced exciton emission from MoS 2 and WSe 2 monolayer but is largely suppressed in bulk. 7, 20, 21 In Figure 5 , we summarize the spatially resolved ARPES results on the same flake used for the study in Figure 4e . We were able to scan across the substrate and find the same flake by acquiring a photoemission intensity map [ Figure 5a (i)−(iii), with different magnification levels]. Comparing these maps to the optical image [ Figure 5a (iv)], we could easily identify the flake areas with different thicknesses, and three points (P1−P3) with mono-, bi-, and multilayers were chosen in our investigation. The band structures measured at points P1−P3 are illustrated in Figure 5b ,c, where Figure 5b shows the maps of the constant energy contours at 0 and 0.5 eV binding energy away from the top of VBM and Figure 5c gives the band dispersion along Γ−K and Γ−M high-symmetry directions. Indeed, a sudden switch of the VBM valley from K to Γ occurs when the thickness of the flake increases from monolayer (spot P1) to bilayer (spot P2), which can be seen both in Figure 5b [where the constant energy surface spots (valley loci) in panels (i) and (iii) are located at the K and Γ points, respectively] and Figure 5c [where the VBM valleys of panels (i) and (iii) are located at the K and Γ points, respectively]. In contrast to this valley shift between mono-and bilayer flakes, the band structure of bilayer (spot P2) and multilayers (spot P3) are quite similar, and both have the valley sitting at the center of the BZ. This observation unambiguously demonstrates that the interlayer interaction plays a critical role in the band structure evolution and also the position of the VBM valleys changes from the Γ to K point with decreasing thickness (the direct to indirect band gap transition from mono-to bilayer flakes 25, 27, 28 ). Similarly, the thickness dependent band structure of WSe 2 flakes was investigated and we observed the same evolution of the VBM valley position from K to Γ when the flake thickness increases from one to two layers (see Figure S6 in the SI); the band structures of bilayer and multilayer flakes also show general similarity. Interestingly, in WSe 2 , the energy difference of the valence band between K and Γ is ∼100 meV [see Figure S6c (iii) in the SI], which is 5 times smaller than that of MoS 2 [ Figure 5c (iii)]. Such significant difference implies that the hole spin may be more robust in bilayer WSe 2 than MoS 2 , making it a promising system for bilayer based spin and valley device applications. 21 With the systematic study of the electronic structure of three representative MX 2 compounds and their valley locus evolution with thickness down to the monolayer limit, we establish a solid basis to understand the underlying physics of these materials. This work further provides important guidance for new materials design and novel valleytronics device development and also demonstrates the power of the in situ study of the band structure of submicron size semiconductors used in functional devices.
Method Section. All PES experiments were performed in ultrahigh vacuum chambers under a base pressure better than 5 × 10 −10 Torr. High-resolution ARPES experiments for bulk samples were performed at beamline 10.0.1 at the Advanced Light Source, using incident photon energies from 35 to 75 eV with energy resolution of 15 meV and angular resolution of 0.2°. The samples were cleaved in situ and kept at 20 K during the ARPES measurements. Spatially resolved ARPES data were obtained at the Spectromicroscopy beamline at the Elettra Synchrotron Light Laboratory, using photon energies 74 eV, with energy and angle resolutions of 50 meV and 0.2°, respectively. The spatial resolution was 800 nm, and the sample was maintained at 100 K during the measurements. After loading the sample into the ultrahigh vacuum chamber for ARPES measurement, an annealing process at 400°C for 20 min was performed to clean the sample surface.
To experimentally access a full map of the MX 2 band structure in the monolayer limit, in addition to the technical difficulty of the large beam size in normal ARPES (typically hundreds of micrometers) for measuring small samples, the very low conductivity of monolayer MX 2 and the resulting charging effects impose serious technical difficulties. In this study, after a 2H−MoS 2 single crystal was exfoliated into flakes with varying thicknesses, we transferred them onto a CVDgraphene covered SiO 2 /Si wafer. The graphene layer not only mechanically supports but also electrically grounds the MoS 2 flakes, and thus greatly suppresses the charging effect in the MoS 2 ultrathin flakes. The combination of the application of a conducting graphene-covered wafer and the implementation of spatially resolved ARPES, as schematically shown in Figure  4a ,b, enables us to measure ultrathin MoS 2 samples with high spatial resolution. Micro-Raman spectroscopy was performed under ambient conditions with pump radiation operating at a wavelength of 532 nm and with the Si Raman band at 520 cm −1 as the reference. The Raman emission was collected by a 100× objective in a backscattering geometry and with instrumental spectral resolution of 1.0 cm −1 . To perform microphotoluminescence, the excitation laser was at normal incidence on the sample at room temperature, with a spot size of 2 μm. The laser intensity was 100 W/cm 2 at a wavelength of 532 nm. Electronic structure calculations were performed within the context of density functional theory using the Projector augmented wave pseudopotentials method with plane wave basis as implemented in the VASP code. The exchangecorrelation functional was treated using the Perdew−Burke− Ernzerhof generalized-gradient approximation. 41 The kinetic energy cutoff was fixed to 400 eV. A 24 × 24 × 6 k-mesh was used for the self-consistent calculation, and spin−orbit coupling was taken into account. The lattice constant and internal atomic positions were fully relaxed with the force cutoff energy of 0.01 eV/Å. . We are also grateful to the beamtime at the spectramicroscopy beamline granted by the Elettra synchrotron.
